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Abstract 
 
Volatile organic compounds (VOC) and their reaction products are ubiquitous in 
earth’s atmosphere and play many important roles leading to implications in climate 
change as well as public health. The many significant consequences of VOCs and their 
reaction products merit considerable study. However, understanding of the emissions, 
chemistry reaction pathways and dispersion of many VOCs is very limited due to the 
short lifetimes of many of them, as well as complex, nonlinear environmental and 
chemical phenomena, such as light dependence, turbulence, and temperature, which can 
impact their emission, reaction and movement. Current data is limited due to the 
difficulty and expense inherent in robust observation campaigns to collect data on 
emission, concentration and fluxes of VOCs, and few models have included very many 
high-resolution processes that can affect VOCs. 
We have developed the Hi-Resolution VOC Atmospheric Chemistry in Canopies 
(Hi-VACC) model to study the emission, chemistry and dispersion of BVOC at a very 
high spatial resolution (on the order of 1m3) and fast time scale. We have developed the 
model to get the necessary meteorological and atmospheric variables from the output of a 
previously run large eddy simulation (LES) model, and have adapted emissions and 
chemistry modules to handle all processes. As a result, Hi-VACC can incorporate the 
effects of real canopy structure, light attenuation, high-resolution turbulence, horizontal 
and vertical heterogeneity, and complex VOC emission schemes in modeling the 
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emission, chemistry and dispersion of VOCs. We have used Hi-VACC to investigate the 
impact of vegetation-induced turbulence around small lakes on the interpretation of flux 
measurements of emissions from small lakes; and to determine good locations for 
measurement tower placement in such lakes to minimize these effects which skew 
measurements. We have also used Hi-VACC to investigate the sensitivity of glyoxal and 
isoprene flux from forest canopies to heterogeneity in canopy structure and source 
distribution, finding heterogeneity in either able to substantially alter the resulting fluxes 
from the forest canopy. 
Given the high resolution capabilities of Hi-VACC, it is a tool that is uniquely 
beneficial for gaining insight into the complex processes that govern VOCs which is 
necessary for understanding their impact. In the studies presented here we demonstrate 
Hi-VACC’s usefulness as a tool for informing measurement campaigns in areas where 
canopy structure or topography may impact the dispersion and fluxes of VOCs or other 
scalars, as well as Hi-VACC’s potential usefulness in informing the parameterization of 
lower-resolution models which may fail to take into account high-resolution processes 
that will have an effect on the ultimate concentrations of VOCs, which could be skewed 
in such models. Combining results from Hi-VACC with informing new measurement 
campaigns of VOCs and using it to help improve models for VOC emissions estimates 
and regional air quality modeling has the potential to greatly improve our overall 
understanding of VOCs and their impact on our environment. 
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1 Introduction 
 
Table 1: Table of Acronyms 
Acronym Meaning 
AF AmeriFlux 
ARPS Advanced Regional Prediction System 
BVOC Biogenic Volatile Organic Compounds 
CACHE Canopy Atmospheric Chemistry Emission model 
CAFÉ Chemistry of Atmosphere-Forest Exchange model 
CAFO Concentrated Animal Feeding Operation 
CBL Convective Boundary Layer 
DOY Day Of Year 
EC Eddy Covariance 
Hi-VACC Hi-resolution VOC Atmospheric Chemistry in Canopies model 
KPP Kinetic PreProcessor 
LAD Leaf Area Density 
LAI Leaf Area Index 
LES Large Eddy Simulation 
MCM Master Chemical Mechanism 
MEGAN Model of Emissions of Gases and Aerosols from Nature 
MOST Monin-Obukhov Similarity Theory 
NCALM National Center for Airborne Laser Mapping 
NEE Net Ecosystem Exchange 
NOx Nitrogen Oxide 
N-S Navier-Stokes 
PAR Photosynthetically Active Radiation 
PM Particulate Matter 
RAFLES RAMS-based Forest Large Eddy Simulation 
RAMS Regional Atmospheric Modeling System 
SGS Sub-Grid-Scale 
SOA Secondary Organic Aerosol 
TKE Turbulence Kinetic Energy 
UMBS University of Michigan Biological Station 
V-CaGe Virtual Canopy Generator 
VOC Volatile Organic Compounds 
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With the continual increase of greenhouse gases such as methane and carbon 
dioxide since pre-industrial times (Forster and Ramaswamy, 2007) it is increasingly 
necessary to understand the contributions to the atmospheric greenhouse gas budget from 
various anthropogenic and natural sources. Additionally, many greenhouse gases and 
other constituents of the atmosphere being emitted naturally as well as anthropogenically 
have significant human health concerns and can produce serious crop damage (DiGangi 
et al., 2012) which serves to further the urgency of understanding the processes that result 
in creating the makeup of our atmosphere. To gain a complete understanding of the 
impact different atmospheric constituents have on climate change, human health, 
agriculture and other areas, the complete life-cycle of such constituents from their 
emission to their ultimate fates must be well understood. In many cases, it is not well 
understood how sensitive the generation and propagation of greenhouse gases, 
greenhouse gas precursors and other atmospheric constituents, as well as chemistry 
involved in some pathways are to high-resolution processes such as light dependent 
oxidation of Volatile Organic Compounds (VOC) and nitrogen oxide (NOx) reactions, 
and turbulent mixing and segregation, especially within forest canopies, where the 
canopy structure and micrometeorological environment can make these high-resolution 
phenomena especially complex. Within the overall life-cycle of atmospheric constituents, 
we sought to develop insight into these high-resolution processes as they relate to a few 
different atmospheric constituents in specific applications, which will ultimately help to 
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gain a fuller understanding of the overall issues of climate change and air quality as they 
relate to these constituents and processes. 
 
1.1 Small lakes and their contribution to the greenhouse gas budget 
One source of greenhouse gases that has been relatively overlooked in global 
greenhouse gas budgets until more recently is inland lakes, particularly small lakes. Since 
they cover a small percentage of land area (< 3%), it has been largely assumed that they 
don’t have a significant role in most global processes. Additionally, it is hard to 
accurately factor lakes into estimates of global processes because of fragmentary data on 
lake area and size distribution (Downing et al., 2006). However, Cole et al. (2007) show 
that lakes are important to consider in the global CO2 budget, and even more so for CH4. 
Several methods can be used to observe greenhouse gases fluxes to the 
atmosphere from lakes and in turn develop deeper understanding of their contribution to 
Net Ecosystem Exchange (NEE). Commonly, chamber measurements and the 
concentration gradient methods are used, but have drawbacks that have been well 
documented, such as the inability to account for ebullition and the low spatial 
representation of these point measurements particularly where the point-wise source 
strength may be rather heterogeneous (e.g. Duchemin et al., 1999; Sellers et al., 1995; 
Striegl et al., 2001; Vesala et al., 2006). More recently, eddy-covariance (EC) techniques 
are being employed in the study of fluxes from lakes (e.g. Eugster et al., 2011; Huotari et 
al., 2011; Schubert et al., 2012; Vesala et al., 2006). EC has many advantages, including 
the ability to sample continuously over long periods of time and to determine ecosystem-
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wide fluxes from a footprint area, as opposed to discrete locations like the other methods. 
This can give a more complete picture of the flux contribution from a whole ecosystem or 
portion of an ecosystem, like a lake. 
One potential drawback of the EC method for small lakes is driven by its intrinsic 
assumption of horizontal homogeneity of the flux sources. It has been shown that land 
surface transitions can lead to advection contributions to flux (Higgins et al., 2013), 
which cannot be directly measured with a single flux tower. Standard footprint models 
are typically used with EC and it is typically assumed that the observations are 
representative as long as the heterogeneous features, such as the lake-land transition, do 
not lie within the flux footprint area. However, flux footprint models may not predict 
very well the actual locations of sources in domains with non-homogeneous topography 
and vegetation (Vesala et al., 2006), or, as we suggest land-water discontinuity. Higgins 
showed how land surface transitions affected advection of water vapor across the lake 
edge and suggests an experimental setup concerning measurement height and distance to 
shore that can minimize the effect of advection on EC measurements in lakes. In small 
lakes this may be particularly difficult to achieve, and may not completely eliminate 
effects from surface-induced turbulence on assumptions inherent to EC. We have used 
Hi-VACC to investigate this problem and attempt to identify tower and measurement 
locations that will best eliminate these problems. 
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1.2 Impact of Volatile Organic Compounds on the atmosphere 
Volatile Organic Compounds (VOCs) are common in the earth’s atmosphere and 
are produced in large quantities both from anthropogenic and natural sources. VOCs 
mediate processes which impact the atmosphere composition, aerosol, and cloud 
dynamics, and in turn result in health and climate concerns. They have been shown to 
play a dominant role in the chemistry of the lower troposphere and atmospheric boundary 
layer (Fuentes et al., 2000) including contributions to tropospheric ozone production 
(Logan, 1985), and the generation of secondary organic aerosols (SOA) (Carlton et al., 
2009; Claeys et al., 2004). Forest canopies emit many VOCs in large quantities. Of 
particular interest is isoprene, which is the most common VOC in the atmosphere, and 
which is emitted by many different tree species, on the order of 600 Tg/year (Muller et 
al., 2008). This sheer volume of isoprene in the atmosphere and its oxidation products 
and their potential effects makes them worthy of considerable attention.  
Many measurement and modeling studies have been performed to investigate the 
emissions, and resulting effects, of these VOCs, particularly isoprene and its reaction 
products, though unique difficulties exist in doing so. One set of difficulties in studying 
and simulating VOCs is related to the relatively short residence time of many of them. 
The atmospheric residence time of many compounds is not only determined by chemical 
reaction potentials but also by atmospheric processes, such as mixing (Krol et al., 2000). 
Reactive and non-reacting scalars have complex source and sink distributions within 
forest canopies, and interact with each other, and with light and ozone, and these complex 
and spatially heterogeneous dynamics impact concentrations and fluxes in ways that are 
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not well understood. A further challenge is brought by the complexities of turbulence that 
control mixing and within the canopy sub-domain (Edburg et al., 2012). 
Measurement campaigns within forest canopy typically provide concentration 
observations (Kaser et al., 2013) at multiple heights and multiple locations throughout 
different forest canopies (e.g. Hansen et al., 2014; Hewitt et al., 2010; Huisman et al., 
2011; Kim et al., 2011; Martin et al., 2010), and may also include above-canopy fluxes of 
different VOC species from eddy-covariance (EC) measurements (DiGangi et al., 2011; 
Kaser et al., 2013; Ortega et al., 2014). It was shown that exchanges between the forest 
and the atmosphere are in the form of intermittent gusts, following the exchange between 
canopy air and open atmosphere in ejection and sweep events, rather than in a 
homogeneous way (Gao and Li, 1993; Mauder et al., 2007; Turner et al., 1994), and that 
canopy structure and heterogeneity closely interact with the intensity, frequency and 
location of the ejection and sweep bursts (Bohrer et al., 2008; Bohrer et al., 2009; Maurer 
et al., 2015). This indicates the importance of heterogeneity and canopy structure on the 
emission of VOCs from forests. Coppin et al. (1986) studied non-reacting scalar 
dispersion within a model plant canopy and inferred that the vertical source distribution 
affects the concentration and transport of scalars within and above a forest canopy by 
altering diffusivities. Bryan et al. (In Press) showed the effects of species composition 
and vertical leaf structure on the resulting vertical concentrations profiles of many VOC 
and their reaction products. 
Models used to study VOCs vary widely in their resolution as well as the 
robustness of the chemical mechanisms included. Global models, such as MEGAN 
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(Guenther et al., 2006), are used to estimate global and regional emissions and 
concentrations for their large-scale impact. The Canopy Atmospheric Chemistry 
Emission model (CACHE) (Forkel et al., 2006) and the Chemistry of Atmosphere-Forest 
Exchange model (CAFE) (Wolfe and Thornton, 2011) are one dimensional column 
models with varying vertical resolution, chemical mechanism complexity and canopy 
representation, which can effectively couple chemistry and vertical transport due to 
diffusion in horizontally homogeneous settings. Kim et al. (2012) perform isoprene 
chemistry modeling coupled with a Large Eddy Simulation (LES) model of moderate 
resolution for the purpose of investigating isoprene in the cloud layer. These simulations 
did not include the effects of forest canopy structure and heterogeneity. Edburg et al. 
(2012) performed an LES study to investigate the impact of varying vertical scalar source 
distributions of non-reacting scalar concentrations and fluxes within and above a 
horizontally homogeneous virtual forest canopy and concluded that scalar source 
distributions affect all moments of the vertical distribution curve, as well as fluxes, 
segregation, and correlation coefficients between the scalar concentrations. This has clear 
implications for chemically reactive species. Similarly, other LES studies in the open, 
above-canopy convective boundary layer (CBL) have been performed for scalars to 
assess the impact of turbulence on mixing, segregation and the ultimate fate of scalars. 
Krol et al. (2000) determined from such LES calculations with a spatially nonuniform 
emission distribution that intermittent emission patterns might have a retarding effect on 
the isoprene oxidation rate, indicating that the ability of turbulent flows to bring species 
together will impact their reaction rates (Molemaker and de Arellano, 1998). 
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Often, effects of canopy structure and other high resolution characteristics of surface 
heterogeneity, at a scale that corresponds to the characteristic size of surface turbulence 
eddies and individual trees, are overlooked and cannot be accounted for in measurement 
as well as modeling studies of VOCs. 
 
1.3 Modeling to study VOC and non-reactive scalars 
The goal of our work was to produce a simulation tool that can simulate emission, 
chemistry and dispersion of Biogenic Volatile Organic Compounds (BVOC) and their 
reaction products, as well as non-reactive scalars, focusing on the interaction with small-
scale processes within and above forest canopies, such as light dependent oxidation of 
VOC and NOx reactions, and turbulent mixing and segregation. These processes are 
important in determining the rate and type of chemical species that will be ejected from 
the canopy top into the atmospheric boundary layer. The rate of VOC emissions and 
other chemical processes inside the canopy sub-domain, as well as the mixing rates 
between the canopy air and the atmosphere above the canopy, are dependent on the 
canopy structure, and are non-linearly sensitive to temperature, humidity, light levels and 
turbulent mixing rates that are highly variable inside the canopy sub-domain (Bohrer et 
al., 2009). 
We have developed the Hi-resolution VOC Atmospheric Chemistry in Canopies 
(Hi-VACC) model as a post-processing dispersion model with added emission and 
chemistry capabilities to be run with the output of an LES model. It is able to provide 
details about the interactions between BVOC emissions, forest canopy structure and the 
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atmosphere inside and above the forest. It can be used to simulate the effects of changes 
to canopy structure on the concentrations and compositions of reactive species imported 
to and exported from the forest from/to near-by urban and industrial areas. It could also 
be used to improve current global-scale parametrization of effective VOC emissions from 
forested areas, as well as to inform measurement campaigns. 
The remainder of this document proceeds as follows: Chapter 2 details the 
development of Hi-VACC, describing its three distinct processes: emission, chemistry 
and dispersion, detailing how they were developed and what they are based on. Chapter 3 
describes the ways Hi-VACC was first utilized in order to test its functionality, as well as 
to investigate the types of scenarios for which it could be a useful tool. Chapter 4 details 
our application of Hi-VACC to non-reactive scalars (representing greenhouse gases) 
being emitted by a small lake surrounded by vegetation, which reveals important 
complications for measurements in such a scenario, as well as suggestions for dealing 
with such complications. It also represents a scenario for which Hi-VACC is especially 
well suited. Chapter 5 details our application of Hi-VACC to investigating the sensitivity 
of VOC chemistry and dispersion to forest canopy and source heterogeneity, representing 
the sort of scenario for which Hi-VACC is most aptly suited that involves high-resolution 
structural heterogeneity, fast time-scale chemistry, and complex source variability.  
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2 Model description 
  Hi-VACC uses the output from Large Eddy Simulations (LES) as its input and 
solves the system of equations involved in mass conservation for scalars that follow from 
the Navier-Stokes (N-S) equations. The Regional Atmospheric Modeling System 
(RAMS)-based Forest Large Eddy Simulation (RAFLES) (Bohrer et al., 2008; Bohrer et 
al., 2009; Maurer et al., 2015) is a canopy resolving large eddy simulation model. It 
resolves the wind flow inside and above 3-D heterogeneous tree canopies. The model is 
initialized with profiles of horizontal wind speed, temperature and humidity, and forced 
by wind speed aloft. It includes a multi-layer, 3-D heterogeneous canopy, which allows 
the drag, volume restriction and energy fluxes created by canopy elements such as leaves, 
stems and branches to interact with the flow (Chatziefstratiou et al., 2014). Its simulation 
domain, typically on the order of 1km3, at a grid resolution typically on the order of 1m3, 
allows simulating a fully dynamic boundary layer with its rich eddy-size structure 
(Bohrer et al., 2009). 
 
2.1 Dispersion 
Hi-VACC runs in MATLAB and operates as a post-processing model to be used 
with output from RAFLES simulations, and could be amended to work with output from 
other LES models.  
Chapter 
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For the description of the dispersion portion of Hi-VACC, we follow the scheme 
for how RAFLES handles the N-S equations (Bohrer et al., 2009) with a focus on the 
scalar mass conservation equation. We decompose variables into a resolved, grid-cell 
averaged component, ?̅?  and a subgrid-scale (SGS) perturbation from that mean, 𝜒′, such 
that 𝜒 = ?̅? + 𝜒′ at any point within the simulation domain. Following is partitioning of 
variables scheme, we can present the N-S equation for conservation of scalars, using the 
Einstein notation for vector operations as 
𝜕?̅?
𝜕𝑡
=
1
𝜌
[
?̅?𝜕(𝜌𝑢𝑗̅̅ ̅)
𝜕𝑥𝑗
−
𝜕(𝜌𝑢𝑗𝜒̅̅ ̅̅ ̅)
𝜕𝑥𝑗
−
𝜕(𝜌𝑢′𝑗𝜒′̅̅ ̅̅ ̅̅ ̅̅ )
𝜕𝑥𝑗
] + 𝑆𝜒                                   (1) 
where 𝜒 is a scalar concentration, 𝑆𝜒 is the sum of sources and sinks of scalar, 𝑢𝑗  is wind 
in the j direction, 𝜌 is the resolved air density. Following the (Deardorff, 1980) scheme 
for handling SGS flux terms as mentioned in (Bohrer et al 2009) we have 
𝑢′𝑗𝜒′̅̅ ̅̅ ̅̅ = −𝐾ℎ (
𝜕?̅?
𝜕𝑥𝑗
)                                                         (2) 
𝐾ℎ and in turn 𝐾𝑚 are turbulence diffusivity parameters for momentum and scalars 
(respectively) and are defined as 
                                                         𝐾𝑚 = 0.1𝑙𝜀?̅?
1/2
                                                          𝐾ℎ = 𝐾𝑚 (1 + 2
𝑙𝜀
𝑙𝑔
)
                                                        (3) 
where 𝑒 is total SGS turbulence kinetic energy (TKE) and 𝑙𝑔 and 𝑙𝜀 are empirical length 
scales for mesh size and dissipation, respectively (Bohrer et al 2009). 
Equations (1-                                                        (3) form a closed set and are 
evaluated numerically to perform the dispersion in Hi-VACC. All necessary variables are 
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extracted in 3-dimensional grids from each RAFLES output file. The equation system is 
discretized in space using the finite volume approach to be represented as 
             
?̅?(𝑡+1)−?̅?(𝑡)
𝛥𝑡
=
1
𝜌𝛹
[?̅?∆̇𝑗(𝜌𝜎𝑗?̅?𝑗) − ∆̇𝑗(𝜌𝜎𝑗?̅?𝑗?̅?) − ∆̇𝑗 (𝜌𝜎𝑗𝐾ℎ (
𝛥?̅?
𝛥𝑥𝑗
))]
𝑡
+ 𝑆𝜒          (4) 
where 𝛥𝑡 is the model timestep, 𝛹 is open grid cell volume, and 𝜎 is the open aperture of 
a grid-cell face. Open grid-cell volume and open apertures areas are provided by the 
RAFLES output. ∆̇ represents a difference across parallel faces of a grid cell. The 
equations are integrated in time using a vectorized 4th order Runge-Kutta approach. 
 
2.2 Emission 
Thus far, the only VOC we have used Hi-VACC to model is isoprene, however, 
the scheme for emission of isoprene could be adapted in the future for the emissions of 
other VOCs like monoterpenes. Vegetation emission rates of isoprene were prescribed in 
Hi-VACC using a modified formulation from the CACHE model, essentially following 
the scheme outlined in Bryan et al. (2012), which is based on Forkel et al. (2006) and 
Guenther et al. (1995). Emissions are determined by a chemical-specific emission factor 
modified by photosynthetically active radiation (PAR) and leaf temperature. The 
emission factor used is the same as in Bryan et al. (2012) for isoprene, as both the 
simulations we currently wish to use Hi-VACC for and that of Bryan et al. (2012) model 
the same observed experimental domain within the University of Michigan Biological 
Station (UMBS). Other factors that affect emissions include leaf density, temperature, 
wind speed, and humidity at each grid cell where emission is being calculated, as they 
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can impact leaf temperature and radiation. As CACHE is a vertical, one dimensional 
model and represents vertical leaf structure, applying its emission scheme to Hi-VACC 
primarily involved treating each column in a Hi-VACC domain as the single column in 
CACHE. The actual emission of isoprene for a given grid cell is calculated as: 
                                             𝑒 = 𝑒𝑖𝑠𝑜 ∙ 𝛾𝑃 ∙ 𝛾𝑇 ∙ 𝛾𝐿𝐴𝐼                                                        (5) 
where 𝑒𝑖𝑠𝑜 is the domain-specific isoprene emission factor, 𝛾𝑃 is a correction coefficient 
based on light, specifically PAR: 
                                                                𝛾𝑃 =
∝∙𝐶𝐿∙𝑃𝐴𝑅
√1+∝2∙𝑃𝐴𝑅2
                                                                (6) 
with ∝ and 𝐶𝐿 empirical constants prescribed in Guenther et al. (1995). PAR levels at 
each point in the canopy are calculated as a function of light attenuation through the 
canopy by leaf area and meteorological conditions. 𝛾𝑇 is a correction coefficient based on 
temperature: 
                                       𝛾𝑇 =
𝑒𝑥𝑝(
𝐶𝑇1(𝑇−𝑇𝑆
𝑅∙𝑇𝑆∙𝑇
)
1+𝑒𝑥𝑝(
𝐶𝑇2(𝑇−𝑇𝑀)
𝑅∙𝑇𝑆∙𝑇
)
                                                            (7) 
where 𝐶𝑇1 and 𝐶𝑇2 and 𝑇𝑀 are empirical constants prescribed in Guenther et al. (1995), 𝑅 
is the ideal gas constant, 𝑇 is the instantaneous leaf temperature, calculated from the 
instantaneous temperature in a grid cell from RAFLES, and 𝑇𝑆 is the leaf temperature at 
standard conditions.  𝛾𝐿𝐴𝐼 simply scales emissions per leaf area by the amount of leaf area 
in a given grid cell volume. Leaf area densities (area per volume) and grid cell volumes, 
as well as wind speed, air temperature and PAR levels are provided by the RAFLES 
output. 
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2.3 Chemistry 
We utilize the Kinetic PreProcessor (KPP), which is a software tool that assists 
the computer simulation of chemical kinetic systems (Damian et al., 2002). KPP 
generates the code for a chemical mechanism in FORTRAN, C, or MATLAB, based on a 
specification of the mechanism in terms of the chemical species involved, and their 
reaction equations. Using a chemical reaction formulation module generated by the KPP 
allows flexibility in selecting the chemical pathways for simulation, and provides 
assurance of correct results, with regard to the numerics of the model, as KPP has been 
rigorously tested and evaluated.  
We first specified a simple glyoxal mechanism in KPP where isoprene reacts with 
hydroxyl to create glyoxal, which reacts with hydroxyl and is destroyed by photolysis, all 
in the gas phase. KPP generated the corresponding glyoxal chemical mechanism module 
in MATLAB. To test the module, we ran it as a stand-alone model for a period of a few 
days, specifying the initial conditions using concentration observations from the 
campaign described in Huisman et al. (2011). We assumed a single grid cell and no 
dispersion, and forced temperature and light conditions based on typical summer 
noontime conditions from our field site UMBS (Gough et al., 2013) The resulting glyoxal 
concentration is shown in Figure 1, and represents a very realistic diurnal dynamics, 
indicating that the simplified set of equations we prescribed was successfully processed 
by KPP to form a functional and realistic chemistry module for isoprene and glyoxal.  
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Figure 1. Diurnal cycle of glyoxal concentration produced by KPP-generated isoprene-
glyoxal mechanism for a single-location box model. Isoprene reacts with hydroxyl to 
create glyoxal, and glyoxal reacts with hydroxyl as well as being destroyed through 
photolysis reactions. 
  
 
Correctly handling photolysis reactions was an important consideration in 
developing Hi-VACC. We therefore set Hi-VACC to also read the incident reflected and 
attenuated radiation from the LES fields and determine the photon concentration used in 
any photolysis reactions based on the light conditions at each location inside and above 
the canopy in the model. In this way, the photon levels are also consistent with the 
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canopy structure, wind, temperature, and sub-grid-scale turbulence fields that affected the 
emission and dispersion of the chemical species.  
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3 Early dispersion and chemistry model testing 
Having developed the dispersion portion of Hi-VACC, we sought opportunities to 
test the model on a variety of applications that it would be uniquely suited to because of 
its high resolution and structural capabilities. One such scenario that we studied was the 
dispersion of particulate matter (PM) from barns at Concentrated Animal Feeding 
Operations (CAFOs) downwind and over a windbreak at the perimeter of the farm. 
Another was the dispersion of smoke from a forest fire in a virtual simulation domain 
based on an actual forest, accounting for location of the smoke source, structure of 
canopy, varying heat fluxes and more. When the chemistry component was added to Hi-
VACC, we similarly tested the full capability of the model on a simple chemical 
mechanism involving isoprene and glyoxal in a heterogeneous forest canopy domain 
varying emission locations and strengths to test the response of the model to such 
changes. The mean meteorological conditions prescribed for the RAFLES runs these Hi-
VACC simulations were run on are shown in Table 2. The same RAFLES run was used 
in the forest fire and preliminary chemistry experiment. 
 
  
Chapter 
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Experiment Sensible 
Heat Flux 
(W/m2) 
Latent Heat 
Flux 
(W/m2) 
Surface 
Relative 
Humidity 
(%) 
Surface Air 
Temperature 
(°C) 
Surface 
Wind Speed 
(m/s) 
CAFO 240.63 109.37 45 20.7 1.0 
Forest Fire 
and Chemistry 
27.27 22.73 45 6.55 3.43 
Table 2: Meteorological conditions for experiments in Chapter 3 
 
 
3.1 CAFO experiments 
The first real-world application of Hi-VACC’s dispersion capabilities was to 
investigate dispersing particulate matter (PM) over a vegetative windbreak at a CAFO. 
PM from CAFOs has significant human health (e.g. Liu et al., 2015) and environmental 
problems (e.g. Rumsey et al., 2014) associated with it, causing respiratory illnesses, 
unpleasant odors, and possibly contributing to global climate change. Computational 
modeling is frequently employed in such scenarios to assess the impact on neighboring 
areas, typically using algebraic models based on a Gaussian approximation of the 
horizontal and vertical profiles of pollutant concentration, such as AERMOD and 
CALPUFF (e.g. Dresser and Huizer, 2011). However, it has been shown that for complex 
domains such as urban areas with buildings, LES models perform better (de Melo et al., 
2012). As such we were interested in the effects the downwind vegetative windbreak may 
have on the dispersing PM plume, and if Hi-VACC dispersion could capture such effects.  
The domain for this experiment is shown in Figure 2 and consisted of two large 
poultry barns with exhaust fans on the roofs of the buildings. The terrain around is flat, 
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and the windbreak is downwind at a distance of approximately 100m from the buildings. 
Our experimental setup included measurement towers downwind of the barns near the 
windbreak on either side, as well as one near the source in order to measure 
meteorological variables and PM concentrations. These towers had temperature and 
humidity probes, sonic anemometers and Dusttrak aerosol and dust monitors at multiple 
heights – most of the time at 2.5m, 10m and 14.5m. Meteorological data from the 
anemometers and PM data from the Dusttraks was collected at 10 hz, and temperature 
and humidity data from the probes was collected at a frequency of once per minute. We 
built a virtual simulation domain of the farm and ran RAFLES simulations initialized 
with data collected from the towers during the field campaign. Hi-VACC was then run 
using the RAFLES simulation outputs along with source data from the field campaign, as 
outlined in Hadlocon et al. (2015). Figure 2 shows the virtual domain along with mean 
PM concentration from Hi-VACC.  
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Figure 2. Layout of CAFO domain and dispersion of modeled PM from barns. The 
jagged line down the center of the figure shows the vegetative wind break (row of trees of 
height 26m) The square in the top right of the figure is another patch of forest, and the 
remaining domain area is either low grass or other cropland. White crosses show the 
tower locations. 
 
 
Ultimately, meteorological analysis of the data from the downwind towers 
revealed implications on the wind and other meteorological variables. For instance, we 
calculated surface roughness length according to Monin-Obukhov Similarity Theory 
(MOST) following the method of Maurer et al. (2015) using data from both the upwind 
and downwind towers and separated into different heat flux ranges. Discrepancy between 
roughness length values upwind and downwind of windbreak serves as proxy of overall 
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effect of windbreak on flow, showing that with increasing heat flux, effects of the 
windbreak on flow diminish. Figure 3 shows this phenomena. 
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Figure 3. Roughness length as proxy for windbreak effects on flow. Top panel shows the 
difference in calculated roughness length between the upwind-of-windbreak and 
downwind towers at different heat flux bins, while the bottom panel notes the decreased 
relative impact of the windbreak on roughness length as heat flux increases. 
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However, no significant difference in PM concentration resulting from the 
windbreak was observed (Hadlocon et al., 2015). Hi-VACC results were in agreement 
with no significant difference in concentration on opposite sides of the windbreak. 
Additionally, the simpler AERMOD performed well in this experiment and proved to be 
a sufficient tool for such a layout eliminating the need to pursue whether a more complex 
modeling tool like RAFLES/Hi-VACC could capture the phenomena in the event 
AERMOD couldn’t (Hadlocon et al., 2015). 
Despite the minimal effects on concentration from the windbreak, the 
meteorological effects of the windbreak indicate that some interaction with the windbreak 
should be expected, especially during conditions of lower sensible heat flux. Despite not 
reducing concentration on the two sides of the windbreak in our simulation, this 
interaction can be seen in Hi-VACC results, as shown in Figure 4. 
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Figure 4. Dispersing particulate matter from CAFO buildings interacting with windbreak. Figure is stretched in the vertical 
direction. Color map shows concentration of particulate matter in arbitrary units with a background of zero concentration (dark 
blue, as the relative PM levels is what matters for qualitatively analyzing the behavior of the dispersion portion of the model. PM 
appears to loft prior to windbreak. 
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 Quantifiable Hi-VACC results from this experiment were minimal, but it served 
as an important step in the development and testing of the dispersion portion of Hi-
VACC. The behavior of the dispersing PM was an encouraging result indicating that the 
model was behaving as expected. Most of the dispersing plume in the model was lofted to 
a height above that of the windbreak limiting actual interaction of PM with the windbreak 
to time periods too short to observe any mean phenomena. This agreed qualitatively with 
LIDAR snapshots provided by a collaborator in the experiment. Additionally, our tower 
data indicated that there was essentially no change in PM concentration as a result of the 
windbreak, which would make sense if most of the dispersing PM was lofted before 
actually interacting with the windbreak. However, over short periods of time, some PM 
would appear qualitatively (as shown in an instantaneous snapshot in Figure 4) to interact 
with the windbreak, being lofted up over it. This apparent interaction of the PM with the 
windbreak served as an indication of the potential value of such a model in applications 
where structural elements in the domain have the potential to affect dispersion of 
chemical or scalar species of interest. 
 
3.2 Forest fire smoke experiments 
Another way we tested the behavior of Hi-VACC’s dispersion component was by 
using it to investigate the dispersion of smoke from a theoretical forest fire. Much work 
has been done investigating forest fires in the Pine Barrens, New Jersey (e.g. Ledig et al., 
2013; Lucash et al., 2014; Scheller et al., 2011). Further, the effects of smoke from fires 
 26 
 
in general are a known concern, causing public health and safety concerns nearby the fire 
(Kiefer et al., 2014) and Kiefer et al. (2014) have been working to develop a tool, the 
Advanced Regional Prediction System with the added ability to simulate air flow within a 
vegetative canopy (ARPS-CANOPY) to study the fate of fire, especially from prescribed 
burns there. However, at this point they have just done the micrometeorological 
modeling, no actual smoke dispersion, and their highest resolution is on the order of 
100m, making Hi-VACC still a unique tool for studying such a problem in this location.  
To do so, we built a simulation domain based on actual allometric data from the 
Pine Barrens using the Virtual Canopy Generator (V-CaGe) (Bohrer et al., 2007), shown 
in Figure 5. RAFLES simulations were then performed for this domain. Grid cells where 
fire was present had high heat flux providing the effects of the fire on the 
micrometeorology in RAFLES. 
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Figure 5. Pine Barrens virtual simulation domain generated using V-CaGe. This figure shows a topographical representation of 
the canopy heights at each location in the simulation domain, however, the virtual domain also includes other information like 
LAD profiles and amount of tree stem volume present in each x-y location of the domain. 
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The output of these RAFLES simulations were then used to drive Hi-VACC 
simulations. Specifically, we investigated the effects on smoke dispersion as a result of 
the fire being a canopy fire or a ground fire. To do so, we located the source of smoke in 
the lowest level of grid cells where fire was present in the ground fire simulation, and in 
the level just below the canopy top in the same grid cells for the canopy fire simulation. 
This allowed us to study the implications these different types of fires in a heterogeneous 
forest canopy could have on topics of concern for the fate of smoke from forest fires such 
as how it can be trapped in the canopy (Kiefer et al., 2014), how vertical smoke flux in 
and above the canopy will be affected, and how the sweep-ejection cycle can affect the 
dispersion of smoke from forest fires (Huang et al., 2013). 
 We found substantial differences in the resulting concentration distributions of the 
two simulations, as shown in Figure 6. Not surprisingly, the smoke from the canopy fire 
has lofted and spread more, and has a lower peak concentration. The smoke from the 
ground fire has largely pooled up and remained within the canopy space with much less 
escaping the canopy and spreading. As this experiment was primarily for the sake of 
determining appropriate qualitative behavior of Hi-VACC we did not perform more 
quantitative analysis here, but have quantitative results of a similar nature for a different 
application we explored more in Chapter 4. 
  
 
2
9
 
 
Figure 6. Vertical cross sections of mean smoke concentration over the 30 minute simulation, averaged along the y axis of the 
domain. Top line in each panel represents maximum canopy height, bottom line represents mean canopy height. Entire domain 
was forested, with fire present as the source of smoke (in arbitrary concentration units) at and around 400m in the x direction. 
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Similarly, the flux profile is very different for the two simulations, as shown in 
Figure 7. In the canopy fire case, between twice and three times the amount of smoke in 
the ground fire scenario is escaping the canopy into the layer of air above and is then 
much freer to move around and affect neighboring areas. This indicates obvious 
differences in terms of the affects the types of fires can have in terms of nearby and 
downstream environmental and health concerns related to smoke. 
 
 
 
Figure 7. Smoke flux vertical profile of canopy vs. ground fire. Mean canopy height is 
13m and maximum canopy height is 30m. Location of smoke source clearly affects the 
flux of smoke out of the canopy with the flux above the mean canopy height clearly 
limited by the structure of the forest canopy in the case of the ground fire. 
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The high flux at the canopy top for the canopy fire indicates smoke exiting the 
canopy space in large magnitudes, and the lack of constancy in the flux profile above the 
canopy top for the canopy fire indicates, potentially, a significant contribution by 
advection to the movement of smoke in that region (Novick et al., 2014) . On the other 
hand, the variability within the canopy space of the flux profile for the ground fire could 
indicate movement of smoke that pools up in the canopy space by advection, while the 
profile remains fairly constant above the canopy top, where much of the movement is 
likely flux driven. 
Of particular interest is the response of flow to gaps in the canopy specifically, 
and substantial heterogeneity in the canopy structure. Considering the ground fire, one 
important result is the qualitative evidence of the model’s response to such gaps with 
ejections of smoke, an example of which is shown in Figure 8 
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Figure 8. Smoke dispersion and canopy structure: the bottom figure shows a top-view map of the canopy heights at each x-y 
location in the domain. The vertical cross-section shown in the top panel is the transect shown by the dashed line in the bottom, 
with the arrows pointing out gaps in the canopy at that transect. The color in the top panel shows concentration (in arbitrary units, 
with zero background (dark blue) of smoke averaged over the simulation time, and qualitatively reveals a trend of smoke escaping 
via ejections through those gaps.  
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The areas of strong concentration escaping from the canopy seem to correspond 
well with gaps in the canopy structure, representative of gaps that could be caused by 
disturbance, be primarily areas of undergrowth or other scenarios. This phenomena again 
was not explored further quantitatively, with this study performing, rather, as more of a 
qualitative test that Hi-VACC was performing well. Quantitative results of a similar 
nature for a different application are presented in Chapter 5. Regardless, the sweep-
ejection cycle in canopies is an important area of study in understanding scalar transport 
in canopy domains (Huang et al., 2013) and this study provides good reason to believe 
that such a topic is one that would be well suited for Hi-VACC and about which Hi-
VACC could provide unique insight. Altogether, the initial testing on the dispersion 
portion of Hi-VACC provided good evidence for the proper working of the model and 
key insights into the types of scenarios where Hi-VACC could be particularly beneficial, 
helping lead to some of the more rigorous applications for which it has more recently 
been employed. 
 
3.3 Preliminary chemistry component testing 
Having developed the chemistry component of Hi-VACC as described in 2.3, we 
sought to test its capabilities in somewhat synthetic test cases. Here we again used a 
virtual canopy domain based on the Pine Barrens, like that in 3.2. Using our simple 
isoprene-glyoxal mechanism whereby glyoxal is created from the isoprene-hydroxyl 
reaction and destroyed through a glyoxal-hydroxyl reaction and photolysis reactions, we 
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studied a few potential isoprene source scenarios and the implications thereof. The to 
primary isoprene source scenarios were 1) introduce isoprene into the canopy scaled 
linearly with leaf area index (LAI). This scenario will be referred to as “LAI-based”. 2) 
Introduce isoprene at all the same locations as in scenario 1), but the same amount in 
each grid cell that releases it so that source strength is homogeneous everywhere inside 
the canopy. This scenario will be referred to as “evenly distributed” The total domain-
wise amount of isoprene introduced each time step in both scenarios was made to be the 
same. Figure 9 shows an instantaneous snapshot from the LAI-based simulation with a 
threshold value of the glyoxal at that point in the simulation as it is emitted from the 
canopy and dispersed throughout the domain. This is an example of more encouraging 
evidence that the model was behaving as expected, now with all components functioning. 
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Figure 9. Threshold value of glyoxal (red) dispersing over a heterogeneous canopy (green). Isoprene was released throughout the 
domain corresponding to LAI and glyoxal was generated from isoprene reacting with constant hydroxyl in the domain.
 36 
 
 
Having completed the simulations we computed the average concentration profile 
for them over the domain and entire half hour of simulation time, shown in Figure 10. 
Surprisingly, at lower levels of the domain, within the canopy, glyoxal concentrations 
were higher for the LAI-based source scenario, and above the canopy, concentrations 
were higher for the evenly distributed scenario. This was unexpected because where the 
isoprene source was linearly scaled with LAI, isoprene emission would have been 
stronger toward the top of the canopy where most of the leaf exists. As such, in the LAI-
based scenario it would seem that the path out of the canopy would be easier and shorter 
for either isoprene that would then react and form glyoxal above the canopy or else 
glyoxal that was created from isoprene emitted near the canopy, resulting in higher 
glyoxal concentrations above the canopy. However, the opposite was seen to be true.  
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Figure 10. Vertical profiles of glyoxal in two different cases of isoprene source 
distribution: isoprene source released corresponding to LAI of each grid cell, and 
isoprene source released at a constant value everywhere within the forest canopy. Total 
isoprene source was the same for both simulations. The differences in the profiles reveal 
the ability of heterogeneous source and structure to impact fates of reacting chemical 
species. 
 
 
One possible explanation could be the influence of the ejection-sweep cycle 
mentioned in section 3.2 (Huang et al., 2013). It is likely that in portions of the domain 
with the highest LAI, wind is more restricted and conditions stagnant, blocking 
movement of the dispersing species present to some extent. As such, where isoprene is 
being emitted in the highest magnitudes in the LAI-based scenarios, is also where 
movement would be most limited, keeping flow from pushing isoprene and glyoxal up 
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out of the canopy. In the evenly distributed scenario, on the other hand, much more 
isoprene and in turn glyoxal would be present lower in the canopy air space where the 
canopy elements are primarily stems and as a result air flow would be less restricted. 
These high concentrations of isoprene and glyoxal would then be caught in the flow and 
ejected at gaps. Visually this appeared to be the case in a movie constructed from the 
results that produced the snapshot in Figure 9. Additionally, as glyoxal is destroyed by 
photolysis, it would be more protected by portions of the canopy with high LAI, and so it 
is possible that in the LAI-based scenario glyoxal would be created in greater magnitude 
in locations where it would be more protected from photolysis reactions and then ejected 
from the canopy in the manner described.  
To check the validity of the hypothesis that the flux of glyoxal was higher through 
canopy gaps in the LAI-based simulation, we split the domain up by canopy height into 
ten bins, the lowest containing the domain locations where canopy height was in the 
lowest 10% and so on. Results from this analysis are shown in Figure 11 which reveals 
that it was the case that upward glyoxal flux through the layer above the canopy top was 
highest from the 10% of the domain with the second shortest canopy height. The third 
and fourth highest upward fluxes came from the portions of the domain with the shortest 
and third shortest canopy height, respectively. The second highest upward flux came 
from the portion of the domain where the canopy was third tallest, which is unexplained, 
and perhaps indicates a phenomena that would be worth future investigation to better 
understand. However, it was confirmed that the shortest third of the domain, which would 
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correspond to canopy gaps, had the highest contribution to glyoxal flux through the layer 
just above the canopy. 
 
 
 
Figure 11. Each x-y location in the domain was categorized by the canopy height at that 
location into ten groups (shown on the x axis), and the total flux of glyoxal through all of 
the locations in each group was then calculated (shown on the y axis). This reveals a 
complicated pattern of height-dependence of flux, but with the lower portions of the 
domain (or gaps in the canopy) contributing a major portion of the glyoxal flux at the 
canopy top.  
 
 
Locations where ejections frequently take place would likely be characterized by 
the most extreme magnitudes of glyoxal flux over the course of the simulation. To 
investigate where such extreme fluxes were occurring in our LAI-based simulation we 
separated the magnitude of upward glyoxal fluxes through a given vertical level into 10 
bins and linked them to the canopy height at that x-y location. For the different vertical 
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levels, we then compared the mean canopy height at the x-y locations of the top 10% 
highest fluxes and the median 10% fluxes, as shown in Figure 12.  
 
 
 
Figure 12. Average flux (over the half hour simulation) of glyoxal at each grid cell in the 
domain was calculated, and then at a given layer (or height) in the domain the x-y 
locations of the highest 10% of fluxes at that layer were found. Similarly, the x-y 
locations of the median 10% of fluxes at that layer were found. Then, the mean canopy 
height at those x-y locations of the 10% top and 10% median fluxes was calculated. This 
is shown on the y axis. Different layers are on the x axis. The consistently lower mean 
canopy height for the extreme fluxes through a given level as opposed to the median 
fluxes through a level may indicate an ejection phenomena with high fluxes being pushed 
out through gaps in the canopy. 
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We found that it is indeed the case that through each level ranging from 5.5m 
below the top of the canopy to 27.5m above the canopy, the magnitudes of highest flux 
corresponded to lower canopy heights, which seems to confirm that ejection through 
canopy gaps is occurring. This study, though not based on real world data and being very 
synthetic, is nevertheless a good example of the potential utility of Hi-VACC and the 
types of scenarios where it is an exceptionally applicable tool. It also served as the 
foundation upon which we formulated the chemistry application for Hi-VACC involving 
canopy structure vs. isoprene source variability, described in detail in section 5.  
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4 Lake dispersion application 
4.1 Introduction 
The focus of this study was to perform a large-eddy simulation (LES)-based 
analysis investigating the potential extent of the effects of surface-induced turbulence on 
scalar flux from small lakes, with the consideration of the impact lakes may play on the 
global carbon budget as discussed in section 1.1. Recognizing and identifying what these 
effects mean for the use and interpretation of eddy covariance methods can help with 
identifying the best possible experimental setup for EC campaigns over small inland 
lakes. In this study we utilized Hi-VACC advection-diffusion module and assumed that 
virtual CO2 emissions are not reactive. Because of its high resolution and ability to 
incorporate canopy structure, the advection-diffusion abilities of Hi-VACC are ideal for a 
study of scalar transport in a domain containing a forest-surrounded small lake in order to 
examine the surface-induced effects on transport that will be relevant to eddy-covariance 
measurement practices. 
 
4.2 Materials and Methods 
4.2.1 Large Eddy simulations 
For this study we constructed a virtual domain consisting of a small circular lake 
with a 400m diameter surrounded by a horizontally homogeneous forest with a 20m 
Chapter 
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canopy height and leaf area index (LAI) of 4. The allometric qualities and stem density 
for the forest were based on the characteristics of the forest at UMBS (Gough et al., 2013; 
Matheny et al., 2014). The meteorological forcing and surface sensible and latent heat 
fluxes for these simulations was based on characteristic summer-season noontime 
conditions measured by an Eddy Covariance tower over the lake and over the forest at 
UMBS. 
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 Sensible 
Heat Flux 
(W/m2) 
Latent Heat 
Flux 
(W/m2) 
Relative 
Humidity 
(%) 
Air 
Temperature 
(°C) 
Wind Speed 
(m/s) 
Lake Tower 
(~2.5m height) 
-14.7 107.0 48.6 25.7 3.6 
Forest Tower 
(46m height) 
182.8 262.4 55.6 26.4 4.0 
Table 3: Meteorological data from UMBS used for simulation forcing. Height of 
instruments on lake tower vary with fluctuations in water level. 
 
 
4.2.2 Hi-VACC simulation descriptions 
For this study, we performed two Hi-VACC simulations using the output of the 
same RAFLES simulation described in section 4.2.1. In the first (simulation 1) we 
prescribe constant, homogeneous carbon dioxide emission from the surface of the lake 
based on data from the lake tower at UMBS and we prescribe the canopy cells within the 
forested area of the domain as a carbon dioxide sink of strength based on data from the 
forest tower at UMBS. All data is representative of an average summer day at noontime.  
For simulation 2 the domain was divided into 7 segments, as shown in Figure 13: 
3 concentric circles in the lake, and 4 quadrants of forest. Seven different, arbitrary 
scalars were released from each portion of the domain each at an arbitrary source strength 
of 1unit/m3 /s. In the lake portions of the domain the scalar was released in the lowest 
grid cell of the domain as from the surface of the lake. In the forest, the scalar was 
released from near the top of the canopy. In this simulation scalars that left one side of 
the boundary were not cycled back in. As such, the fate of scalar from each portion of the 
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domain can be tracked for the study of the implications of the surface-induced turbulence 
on scalar transport and flux. 
 
 
 
Figure 13 Simulation domain of simulation 2. Different scalars were released from each 
zone (labeled Z1 through Z7, and referred to as such hereafter) of the domain to track the 
dispersion from different domain locations. Virtual tower locations (labeled T1 through 
T6, and referred to as such hereafter) were chosen for analysis. Lake is 400m in diameter 
and the mean wind direction is from left to right. 
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4.2.3 Footprint model 
We designed simulation 2 for comparison of the explicitly resolved distribution of 
source area of the virtual scalar fluxes to a typical footprint area as it may be calculated 
by a footprint model often used in conjunction with EC. We used a footprint model 
forced with the same meteorological conditions as our LES simulations to trace the 
probability that the fluxes observed at a virtual flux-tower top originated from any 
specific point in the domain. We used a multi-patch expansion of the 2-D model by Detto 
et al. (2006), based on the 1-D model by Hsieh et al. (2000) and as described and used in 
Morin et al. (2014). The footprint model uses wind speed, wind direction, boundary layer 
stability, and turbulence data. Here all these variables were calculated from the same 
RAFLES output as used to drive the Hi-VACC simulations. From simulation 2, since we 
initialized the domain with sources of different nonreactive scalars from each portion of 
the domain, we can compare results from this footprint model to actual fluxes from the 
different domain zones in the simulation for analysis of the effects of the domain 
heterogeneity. We did that by considering virtual EC tower locations as described below. 
 
4.2.4 Virtual tower locations 
In simulation 2, we have performed domain-wide and lake-wide analyses to study 
the effects of different phenomena that may bias flux observations. In order to 
quantitatively assess the impact of the domain structure on potential eddy covariance 
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measurements we set a number of locations within the simulation domain where a virtual 
tower could be set. These locations are shown in Figure 13. At each location, we 
considered the simulated flux from the model at various heights for each of the seven 
scalars (each of different source area) and compared the composition of this flux to 
predicted scalar flux contribution from the different zones in the domain by the footprint 
model (described in section 4.2.3). Additionally we considered vertical flux divergence 
for assessing advection as described in Higgins et al. (2013) and Novick et al. (2014).  
 
4.3 Results and discussion 
From the realistic case (simulation 1) we calculated time-averaged wind speed 
patterns throughout the domain, carbon dioxide concentrations and fluxes for the half 
hour of simulation representing typical summer-season noontime conditions (Figure 14). 
  
 
4
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Figure 14: Vertical cross-section of domain through center of lake parallel to mean horizontal wind direction. Mean wind and 
concentration over the half hour simulation are shown. The image is stretched in the vertical direction and vertical wind speed is 
exaggerated to more clearly see the nonzero vertical wind contribution and rotor and ejection effects on scalar movement. Blue 
line represents lake surface, and green lines represent canopy top of forest surrounding lake. 
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Notably, over much of the lake domain, and especially near the transitions from forest to 
lake, the half-hourly mean vertical component of the wind is nonzero, which would 
violate the assumption made in the process of interpreting EC measurements (Novick et 
al., 2014). A typical backward-facing step-induced rotor effect (Cassiani et al., 2008; 
Chatziefstratiou et al., 2014; Detto et al., 2008) can be seen with wind gusting over the 
upwind edge of the forest and down into the open air above the lake then cycling upwind 
under the forest canopy and ejected up above the forest. A forward-facing step-induced 
circulations can be observed at the downwind edge of the forest, with persistent uplift 
zone slightly downwind of the forest edge (Belcher et al., 2012; Chatziefstratiou et al., 
2014; Dupont and Brunet, 2008). Depending on the measurement elevation and location 
near the edge, these rotors will generate horizontal advection of CO2 either from or to the 
lake, and non-negligible vertical advection of CO2, which will bias flux measurements 
that neglect horizontal advection and assume mean vertical mean speed is zero. Figure 15 
shows the same view as Figure 14 but with carbon dioxide flux instead of concentration. 
The flux we calculated from the model simulations is based on the temporal covariance 
of perturbations in each model grid-cell from the Reynold-averaged fields of vertical 
wind speed and CO2 concentration. This approach can only be used where the full 2-D 
field is known, whereas EC observations use a space-for-time substitution and assume 
that the 30-minute time series represents the mean spatial domain. Vertical advection of 
CO2 in a narrow plume, which is a perturbation from the spatial field will be counted as a 
flux of CO2 in the model output, but in EC measurement the higher mean concentration 
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and vertical wind speed at a point within the plume will be averaged out, as they are 
persistent throughout the 30-minutes of observation at that point. The result is that the 
strong positive and negative fluxes observed near the lake-forest transitions at all heights 
from twice the canopy height (2H) to above the lake surface (Figure 15) cannot be 
correctly measured by EC observations. 
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Figure 15 Vertical cross-section of domain through center of lake parallel to mean horizontal wind direction. Mean wind and flux 
over the half hour simulation are shown. Blue and green lines represent lake and canopy, respectively, as in Figure 14, and the 
image is similarly stretched in the vertical direction. This reveals peculiar flux behavior over the lake with significant implications 
for EC measurement. 
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4.3.1 Flux analysis 
In order to simplify the interpretation of the results, we set up simulation 2 with a 
fixed and horizontally homogeneous rate of scalar flux. This allows the analysis to center 
on the effects of wind and turbulence patterns, and not be affected by the effects of 
heterogeneity of flux sources and sinks. We used nominally different virtual scalars for 
fluxes (though with the exact same properties) from different sub-regions in the 
simulation domain so that we could track the source area composition of the fluxes at 
each point. For example, Figure 16 shows the combined flux of just the scalars 
originating from the lake surface (Z1, Z2 and Z3) at various heights. 
 53 
 
                             
Figure 16: Top view of flux of scalars that originate from the lake. The lake area is shown 
by the dashed circle in each figure. Here the three different heights considered in our 
discussion are shown – 5m (bottom), 20m (middle), 40m (top).  
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From the flux calculations of the simulations, we can compare the flux 
contribution from each domain zone to that predicted by the footprint model. Figure 17 
shows the predicted contribution to the flux from each domain zone by the footprint 
model and the actual contribution according to simulation 2 for a tower located at the 
center of the lake (T3) with a measurement height of 20m, which is at the top of the 
canopy. The footprint model predicts that most of the observed flux (64.2%) originates 
from the lake and only 25.1% from the upwind forest area (~10% is from the far tail of 
the footprint distribution which is an assumed infinite Gaussian). Our Hi-VACC results 
indicate a much stronger contribution (~82%) of the upwind forest to the flux 
observations at that point. 
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Figure 17: Relative flux contribution from different zones of the domain predicted by 
footprint model (no outline) and Hi-VACC (dashed outline around bars) at the middle of 
the lake, at the canopy height, H. Bars are color coded to match the zone of the domain 
they represent in Figure 13, here and in all similar figures. A strong disparity between the 
footprint model and Hi-VACC can be seen both in relative contributions from parts of the 
lake as well as from the lake vs. the upwind forest. 
 
 
Similar results were analyzed for every tower location in Figure 13 at heights of 5m 
(0.25H - a typical height for lake flux towers), 20m (H - where we expect heterogeneity 
effects to be maximal), and 40m (2H - the typical recommended height for forest flux 
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measurements). As expected, at tower locations T1 and T2, near the upwind forest-lake 
transition, predictions from the footprint model were very off, as shown in Figure 18.
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Figure 18: Relative flux contribution from different zones of the domain predicted by footprint model (no outline) and Hi-VACC 
(dashed outline around bars) at height of 2H (top row) and .25H (bottom row) for T1 (left column) and T2 (right column). 
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However, the presence of strong, negative flux of scalars that originated from 
both the forest and from the lake reveal some of the implications of the effects of the 
rotor and uplift flows that are illustrated in Figure 14. These include the fact that some 
scalars that are emitted from the upwind portion of the lake will likely be recycled back 
down toward the lake surface and could potentially skew measurements further 
downwind. Additionally, the influx of scalar from the forested portion of the domain 
reveals the potential for any upwind sources of the scalar of interest skewing 
measurements over the lake as the scalars are swept down into the open air above the 
lake.  
Downwind of the center of the lake, agreement between the footprint model and 
actual model flux contributions is much stronger. In all downwind-of-center cases (T4-
T8), the sign of the contributions from the zones is in agreement between the footprint 
model and simulations, however the relative contribution from the forest and the lake, as 
well as the different zones within the lake, is rarely very similar. The tower location that 
appears to be best of the ones analyzed is location T4, which is 300m (3/4 of the lake's 
diameter and 15H) downwind from the lake edge. Figure 19 shows the footprint and Hi-
VACC results for the different heights at this location.  
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Figure 19: Relative flux contribution from different zones of the domain predicted by 
footprint model (no outline) and Hi-VACC (dashed outline around bars) at heights of 2H 
(top), H (middle) and .25H (bottom) for T4 
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The 5m height (0.25H) at this tower location would represent a ratio of .0167 
between measurement height, 𝑧1, and distance to upwind transition, 𝐷𝑇. This ratio would 
meet the suggested criteria posed by Higgins et al. (2013) of 
𝑧1
𝐷𝑇
< .02 in order to 
minimize effects from advection. As such, it could be expected that a low measurement 
height at a far enough distance from the upwind transition could produce somewhat 
representative EC results for a lake of this size, similar to those of Vesala et al. (2006). 
However, the presence of flux sources of the scalar to be measured with EC in the 
ecosystem surrounding the lake will pose a substantial problem given the downward 
vertical advection of that scalar into the above-lake air space and the complex downwind 
and upwind lateral advection pathways away from the lake edges. While at 
𝑧1
𝐷𝑇
< .02 the 
magnitude of these contributions to the overall flux is relatively small, its absolute effect 
will depend on the relative flux strength of the scalar in the lake and surrounding 
ecosystem. In our simulations we nominally prescribed a uniform flux strength at all 
sources. As such, the contribution of non-lake carbon to the flux observed in T4 at 5m 
above the lake surface is roughly 30%. However, observations show that in our site in 
Michigan noontime carbon uptake rates from the surrounding forest are on the order of 
10µmol/m/s, whereas the lake is a small source on the order of 1µmol/m/s, further 
skewing the contribution of the forest to measurements at this location. 
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4.3.2 Vertical flux divergence 
Another metric that can be used to analyze the implications of the domain 
structure on flux is the vertical flux divergence of the scalars. If flux remains relatively 
constant at varying heights at one potential tower location, then the contribution of 
advection to the mass budget between the two heights is likely minimized (Novick et al., 
2014), which would indicate that the measurements at these two heights are an accurate 
observation of vertical turbulence flux contributions. Similar to the previous analysis, 
upwind tower locations (T1, T2) showed a strong height-dependent flux divergence, 
indicating significant contributions of advection to the flux observed at these locations 
(for example as shown for T2 location in Figure 20) 
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Figure 20: Vertical flux divergence profile for scalars that originated from the lake surface and from the forest.  
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Figure 20 also shows the vertical profile of flux divergence from simulation 2 at each of 
the downwind tower locations taking into consideration the scalars emitted from the lake-
surface and forest, separately. As expected, the locations further downwind show smaller 
flux divergence magnitude at a lower height. Most locations display erratic behavior at 
least near the surface of the lake. Nonetheless, there are locations where measurements at 
2H will not be biased by divergence, and there are some locations where a low 
measurement (5-10 m) can provide a relatively unbiased observation of the flux. Again, 
when including the flux of scalars that originated in the forest, flux divergence varies 
more at the tower locations, but the pattern remains for minimizing divergence downwind 
of the center of the lake near tower T4.  
We also looked at the sum of vertical flux divergence for every location in the 
lake, considering scalars that originated from the lake and the forest separately, as well as 
the sum of the two (Figure 21). Additionally, we considered a “low tower” and “high 
tower” scenario. In the low tower scenario we summed the vertical flux divergence 
between levels from 3m to 10m of height, representing the sum of flux divergence in the 
vertical space around the .25H tower height we have been considering. In the high tower 
scenario we summed the vertical flux divergence between levels from 5m to 40m, 
representing the sum of flux divergence up to the 2H tower height. From this we see that 
the overall pattern of summed fluxes is similar over the lake area in each case with 
regions of positive, negative and close to zero total flux divergence occurring in 
essentially the same places in each of the scalar combination and height cases. This 
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indicates that the geometry of the domain may generate the same zones of low flux 
divergence regardless of origin of scalar or height of measurement. This also may 
indicate then that an optimal location could be found and utilized for measurements of 
varying heights. 
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Figure 21: Top views of just lake area where color shows the sum of flux divergence 
ranging from 3m to 10m – representing the low tower height of .25H (left column) and 
from 5m to 40m – representing the high-tower height of 2H (right column) at each x-y 
location in the domain. Cases considering lake scalars only (top row), forest scalars only 
(middle row) and combined lake and forest scalars (bottom row) are shown. 
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  Figure 21 reveals a symmetric pattern in the lake surface around the x axis 
(parallel to the wind). Along the center-line of the lake parallel to the wind there is a 
wedge area with the point in the center expanding out towards the downwind edge of the 
lake where total flux divergence increases relative to the surrounding area. Figure 22 
shows the magnitude of the total flux divergence just from this transect and one parallel, 
100m from the center-line, outside of the wedge area of higher flux divergence, for the 
low and high tower cases.  
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Figure 22: :Sum of flux divergence for a transect through the center-line of the lake (left column) and a parallel transect 100m off 
center (right column) for the high tower (top row) and low tower (bottom row) heights. Here the scalars originating from the lake 
are shown, but the patterns are representative of the forest-scalars and when considering all scalars together. 
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Concerning the transects which are straight across the center-line we see erratic 
behavior near the edges of the lake, and unstable behavior from the upwind edge to the 
center. However, just downwind of the center of the lake (around T4), total flux 
divergence dips to near-zero levels and remains fairly constant until near the downwind 
lake edge. This pattern was evident in all scalar-height combinations. This further 
indicates the possibility that T4 may be a promising location for EC measurements. 
Unexpectedly, as Figure 22 shows, the total flux divergence of the off-center transect is at 
a fairly constant near-zero level for a substantial amount of the transect over the lake. 
Whether this may indicate an off-center tower location being better for EC measurements 
would require further study, and many lakes are oblong (e.g.Vesala et al., 2006) or 
otherwise not close to circular, so this may not be a viable option, but is worth 
consideration and future investigation.  
 
4.4 Conclusions 
From our analysis with scalar-dispersion simulations using RAFLES+Hi-VACC 
over an arbitrary domain with a small lake surrounded by forest, we conclude that such a 
domain will provide significant challenges for EC measurements. The fact that vertical 
components of the mean wind over the half hour of the simulations are nonzero requires 
that the flux measurements will not be processed using the common 3-D axis rotation and 
rather be conducted by an independently leveled sonic anemometer. Such leveling of the 
sonic placement is hard to achieve, but possible. Advances in electronic gyro and 
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accelerometer sensors will allow improved accuracy of wind-independent coordinate 
leveling. Additionally, horizontal advection carries lake-emitted flux to the surrounding 
forest and brings forest flux to be emitted above the lake. We have shown that the 
advection patterns are more complex and extend farther than predictions made by a 
simple foot-print model. Measurements of wind speed and scalar concentrations at 
multiple locations throughout the lake to forest transition, and flux measurements at 
multiple elevations can provide observations as to the strength of horizontal advection 
and indicate when its contribution cannot be neglected from the total flux calculations. 
However, in real-world measurements it is not possible to differentiate the contributions 
of lake vs. forest fluxes measured at a single point. Accounting for the advective fluxes 
using observations at multiple location or multiple elevations can help guarantee that the 
measurements are representative of the overall landscape scale (including the lake and 
forest areas combined) fluxes, but cannot necessarily determine the specific contribution 
of the lake to the total flux, especially when the lake flux is much smaller than the forest 
flux. We have shown that, in agreement with Higgins et al. (2013), effects from advection 
can be minimized with a low ratio of measurement height to distance to upwind shore, 
providing insight into the best location for a tower to get the most representative EC 
measurements of the lake flux.  
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5 Chemistry and emission application 
5.1 Introduction 
  
In this study, we introduce the High-resolution VOC Atmospheric Chemistry in 
Canopies (Hi-VACC) model, developed to focus on small-scale surface-structure-VOC 
interaction processes. Hi-VACC can simulate at very high resolution grid spacing (on the 
order of 1m3), and can handle both vertical and horizontal heterogeneity of canopy 
structure, which is not represented in one-dimensional models. In this study, we focus on 
the creation of glyoxal from isoprene reacting with the hydroxyl radical and a few of its 
destruction pathways as a test-case of the sensitivity of concentration profiles to canopy 
structure through heterogeneous dynamic and emission processes. Glyoxal can lead to 
significant formation of Secondary Organic Aerosols (SOA) and affect, particularly in 
urban-forest interfaces, the levels of tropospheric ozone. Additionally, glyoxal and its 
reaction products have short life-spans (of approximately 2 hours on average) and fast 
reaction rates, including light-dependent reactions (Fu et al. 2008). This, in addition to 
the discussion from Section 1.2 makes glyoxal sensitive to small-scale interactions with 
forest structure, and an excellent model VOC species for this study in order to test the 
unique abilities of Hi-VACC. We conduct a model-based virtual experiment and perform 
a set of simulations with permutations of canopy-structure and emission-source 
Chapter 
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heterogeneity for a sensitivity analysis of glyoxal concentration profile to the relative 
impacts of these high resolution processes. 
 
5.2 Materials and methods 
Hi-VACC is a post-processing model, and runs using the detailed meteorological 
forcing fields produced by large-eddy simulation models. Hi-VACC computes the 
dispersion (advection and diffusion) and chemical reactions of reactive scalars within the 
LES-resolved atmospheric fields. Numerically, it separates the virtual time steps for 
dispersion from chemistry. This simplify the numeric discretization and speed up the 
solution. Effectively, this means that scalars are first dispersed for a time period of a 
single timestep, and then, the chemical reactions are applied on the new concentrations 
everywhere in the domain for the length of a single timestep. Then the model cycles for 
the next timestep. The high spatial resolution (6x6x3 m3 per voxel was used in this study) 
and high frequency (1 Hz) guarantee that the resulting concentrations remain numerically 
stable and do not diverge despite this time-separation approximation. The dispersion 
formulation and numerical approach in Hi-VACC is described in detail in Kenny et al. 
(In Preparation). In this work we focus on the chemistry components of the model. We 
aim to include VOC emissions and reaction formulations that are simple enough for the 
model to compute the results in a realistically short time (few days) despite the very high 
spatial resolution. Nonetheless, the resolved chemical reactions should be detailed and 
realistic enough to test relevant virtual experiments that would enable us to inform 
measurement campaigns and other models regarding the potential effects of forest 
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heterogeneity and its interactions with VOC chemistry. As a compromise, we therefore 
chose in this study a relatively simplistic set of equations that nonetheless represent a 
reasonable glyoxal generation and destruction pathway. The chemical mechanism 
included the following equations: 
                                    C5H8 + OH ⟶  𝑓𝑖⟶gC2H2O2                                                (8) 
                                        C2H2O2 + OH ⟶  𝑓𝑔1𝑅𝑔                                                      (9) 
                                   C2H2O2 + hv ⟶ 𝑓𝑔22CO + H2                                               (10) 
                                      C2H2O2 + hv ⟶ 𝑓𝑔32HCO                                                  (11) 
                                 C2H2O2 + hv ⟶ 𝑓𝑔4HCHO + CO                                             (12) 
where C5H8 is isoprene, C2H2O2 is glyoxal, hv represent photolysis reactions, and Rg 
represents a number of possible glyoxal reduction products. HCHO is formaldehyde, CO 
is carbon monoxide, and HCO is an aldehyde group, which will be bonded to an R group 
– an alkyl or side chain. 𝑓𝑖⟶g represents the fraction of isoprene reduction reactions that 
produce glyoxal. Here we use 𝑓𝑖⟶g = 0.08 based on observations in the UMBS in 
Northern Michigan during the CABINEX experiment (DiGangi et al., 2012) The other 
reaction rates were taken from the Master Chemical Mechanism, MCM v3.3 (Saunders et 
al., 2003), via website: http://mcm.leeds.ac.uk/MCM. All reaction rates are shown in 
Table 4. Rg and the other reaction products from the glyoxal reactions are not monitored 
in this mechanism and for the simplified purpose of this numerical experiment, only the 
concentrations and fluxes of isoprene and glyoxal were explicitly simuated. 
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𝑓𝑖⟶g 0.08 
𝑓𝑔1 3.1E-12*EXP(340/TEMP) 
𝑓𝑔2 6.845E-05*COS(X)*.130*EXP(-.201*SEC(X)) 
𝑓𝑔3 1.032E-05*COS(X)*.130*EXP(-.201*SEC(X)) 
𝑓𝑔4 3.802E-05*COS(X)*.644*EXP(-.312*SEC(X)) 
Table 4: Reaction rates for isoprene and glyoxal reactions. X is the solar zenith angle and 
TEMP is the temperature in K, at a wide range of typical atmospheric temperatures. 
 
 
5.2.1 LES Simulations 
We ran two sets of Hi-VACC simulations. Each of the two sets was run using the 
output of a different RAFLES simulation. The first set used RAFLES simulations of a 
realistic, heterogeneous forest canopy based on our field site at UMBS (Maurer et al., 
2015), and the other was similar in all aspects of forcing and mean leaf area index and 
canopy height, except that the canopy was assumed to be horizontally homogeneous. 
Comparing the results of Hi-VACC obtained by either the heterogeneous or 
homogeneous canopy simulations will allow us to separate the effects of dynamic 
turbulence processes of canopy-atmosphere interactions from the effects of plant-related 
heterogeneity of the source emission strength. The site modeled at UMBS contains an 
AmeriFlux-affiliated (AF, http://public.ornl.gov/ameriflux/) meteorological tower (site 
code: US-UMB), which has been continuously recording data since the 1999 growing 
season (Maurer et al., 2015) and is a mixed deciduous forest, common to the upper Great 
Lakes region, dominated by early-successional bigtooth aspen (Populus grandidentata) 
and paper birch (Betula papyrifera) with a mean age of 85-90 years (Gough et al., 2008). 
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These RAFLES simulations were previously used to study the relationships 
between forest canopy structure and boundary-layer roughness parameters (Maurer et al., 
2015). We designate each simulation with a case code corresponding to a combination of 
descriptors for canopy and VOC source variability. We denote the horizontally 
homogeneous canopy using ‘HomC’, while horizontally heterogeneous virtual canopies 
were denoted ‘HetC’. The synthetic virtual domains for RAFLES simulations were 0.9 x 
0.9 km2 with horizontal grid spacing of 6 m, which approximately corresponds to 
individual tree-crown resolution. Vertical grid spacing is 3 m from ground level up to 100 
m above ground, after which vertical grid spacing is increased up to a height of 1.4 km, 
where vertical grid spacing is 30 m. Above-ground environmental forcing was derived 
from August 2010 (DOY 224) data measured at US-UMB at 1500 GMT (11:00 AM, 
local time), and the mean meteorological conditions for these RAFLES runs were the 
same, and are shown in Table 5. 
 
 
Sensible 
Heat Flux 
(W/m2) 
Latent Heat 
Flux 
(W/m2) 
Surface 
Relative 
Humidity 
(%) 
Surface Air 
Temperature 
(°C) 
Surface 
Wind Speed 
(m/s) 
107.87 154.59 70 22.55 .05 
Table 5: Meteorological conditions for chemistry simulations 
 
 
 A normalized, domain-averaged leaf area density (LAD) profile was derived 
from the airborne lidar scans performed in September 2009 over a 40 km2 area of the 
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UMBS forest by the National Center for Airborne Laser Mapping (NCALM). This 
profile was applied to each pixel occupied by vegetation and normalized as a function of 
canopy height and the corresponding ground accumulated leaf area index expected for a 
tree of that height. As described in Maurer et al. (2015), heights in the horizontally 
heterogeneous canopy (HetC) were obtained by spatially filtering the 1 x 1 m2 highest 
returns from the 2009 NCALM lidar scan to a coarser resolution of 6 x 6 m2 over the 0.9 
x 0.9 km2 area surround the US-UMB flux tower. The fixed height of the horizontally 
homogeneous canopy (HomC) was prescribed as 13.6 m, which is the mean height over 
the horizontally heterogeneous (HetC) case. The canopy for the simulation domain was 
prepared by the V-CaGe model (Bohrer et al., 2007).We assumed that in the 
heterogeneous case LAI was positively correlated to canopy height and used mean LAI= 
4.2 m2 m-2 and standard deviation of LAI = 0.1 m2 m-2.  
 
5.2.2 Emission case descriptions 
For the two different LES simulation cases described in section 5.2.1 (HetC and 
HomC) we then ran two Hi-VACC simulations, one with a heterogeneous source, 
denoted HetS, and one with a homogeneous source, denoted HomS. The heterogeneous 
source is prescribed and updated each timestep using the formulation described in section 
2.2. As a result, in the HetCHetS case, the isoprene emission rate varies widely 
throughout the domain – vertically with the LAD profile within a given column and 
horizontally with canopy height throughout the domain. This horizontal heterogeneity of 
the source is shown in Figure 23. Emissions are prescribed the same way in the 
HomCHetS case where the canopy was horizontally homogeneous. As a result the 
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emissions vary similarly vertically, but are significantly less variable horizontally, as 
shown in Figure 24. In both the HetCHomS and HomCHomS cases the source was 
simply prescribed as a constant value in each voxel in the first five vertical levels of the 
domain – up to the mean canopy height. The column-averaged emission for these 
simulations was 7.6923e+06 m-3s-1. 
 
 
 
Figure 23: Top view of typical isoprene emission strength for a given timestep in the 
HetCHetS case 
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Figure 24: Top view of typical isoprene emission strength for a given timestep in the 
HomCHetS case. Note the difference in color scale between this and Figure 23 indicating 
the different levels of variability in source strength. 
 
 
5.3 Results and discussion 
Due to complications with initial attempts at running the simulations and the time 
necessary to complete them, we do not currently have results from completed half-hour 
simulations which are usually studied to match the typical time resolution of Eddy 
Covariance measurements. Instead, only seven minutes of simulation time have been 
successfully completed. As a result, the results presented here are preliminary results 
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based on those seven minutes of each simulation, with results of the full half-hour 
simulations forthcoming.  
Following the completion of the simulations, temporally averaged fluxes of 
isoprene and glyoxal were computed over the duration of each simulation. The flux we 
calculated from the model simulations is based on the temporal covariance of 
perturbations in each model grid-cell from the Reynold-averaged fields of vertical wind 
speed and the concentration of glyoxal or isoprene. This approach can only be used 
where the full 2-D field is known, whereas EC observations use a space-for-time 
substitution and assume that a 30-minute time series represents the mean spatial domain. 
The assumption is that in observing at the same location over a 30-minute time period, 
the flux patterns that were present over an entire domain at a particular instant will cycle 
by the measurement location in this time period, and averaging that time series will be 
roughly representative of averaging the flux over an entire domain at an instant. In 
modeling however, we know the 2-D spatial domain and do not have to make this 
assumption. For qualitative purposes, vertical cross-sections of the resulting mean 
glyoxal flux for the HetCHetS and HomCHomS cases (showing a z-x plane, averaged in 
the y-direction and time) are shown in Figure 25 Additionally, top-views of the time-
averaged fluxes for each simulation are shown in Figure 26 and Figure 27. The vertical 
wind vectors in the vertical cross sections have been exaggerated to be able to see the 
overall pattern of the wind throughout the domain. Upward flux from the glyoxal 
generated in the canopy from the isoprene-hydroxyl reaction can be seen in both vertical 
cross-sections.  
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Figure 25: Vertical cross-sections of mean Glyoxal flux averaged temporally and in the 
perpendicular direction of the domain. The arrows represent the mean wind at that 
location over the course of the simulations (approximately seven minutes). The wind 
patterns are different because different RAFLES runs were used to run Hi-VACC over 
for these two different cases. 
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Figure 26 shows top views of flux at twice the average canopy height, which is 
typically the height of EC measurements. Figure 27 shows the same, but at the mean 
canopy height of 13.5m. This serves to show the flux patterns above the canopy for each 
simulation. One qualitative result of note in these cross-sections is that the flux pattern is 
visibly very similar for the two HetC cases, and very similar for the HomC cases, the 
patterns of HetC vs. HomC cases are noticeably distinct from each other. 
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Figure 26: Top views of the temporally averaged glyoxal flux at twice the mean canopy 
height for each simulation case 
 
 
This dependence of the flux pattern based on canopy structure holds for the 
horizontal cross sections at twice the mean canopy height as well as at the mean canopy 
height. This may indicate a stronger relationship between canopy structure and resulting 
flux than between emission distribution and flux. It is particularly notable in the 
HetCHetS vs. HetCHomS case as we know that the emission of isoprene is vastly 
different between the two simulations (Figure 23, Figure 24). 
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Figure 27: Top views of the temporally averaged glyoxal flux at the mean canopy height 
for each simulation case 
 
 
5.3.1 Simulation comparisons 
One method we employed to compare the different simulations was to construct 
vertical profiles of the resulting fluxes and concentrations of glyoxal and isoprene. This is 
done by averaging them horizontally for each layer in the domain for each temporally 
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averaged matrix of fluxes and concentrations resulting from the different simulations. 
The resulting flux profiles for each simulation are shown in Figure 28.
  
 
8
4
 
 
 
 
Figure 28: Flux Profiles of isoprene and glyoxal for each of the different simulation cases. Notable increase in flux with 
decreasing heterogeneity for both chemical species. 
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As Figure 28 shows, above-canopy flux for both glyoxal and isoprene decreases 
with heterogeneity. In both the HetS and HomS cases, fluxes were substantially larger in 
the HomC cases than the HetC cases, even though the amounts of isoprene emission were 
identical (HetCHomS and HomCHomS) or nearly identical (HetCHetS and HomCHetS). 
This suggests that canopy structure plays a major role in determining flux values above 
the canopy. Additionally, similarly increased flux is seen in HomS cases relative to HetS 
cases, though the emissions are less directly comparable. Regardless, a trend is present 
that as heterogeneity increases in source distribution and canopy structure, flux of both 
isoprene and the resulting glyoxal decreases.
  
 
8
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Figure 29: Concentration Profiles of isoprene and glyoxal for each of the different simulation cases 
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Figure 29 shows the resulting concentration profiles of glyoxal and isoprene for 
each simulation. These profiles reveal a similar trend as the flux profiles in that in 
general, above the canopy, concentrations increase with decreased heterogeneity in 
source distribution and canopy structure. This, as well as the observations from the flux 
profiles, indicates an effect of canopy and source heterogeneity to have a diminishing 
effect on the resulting glyoxal concentrations which would be similar to the findings of 
others (Edburg et al., 2012; Krol et al., 2000; Molemaker and de Arellano, 1998). 
However, isoprene concentrations vary greatly within the canopy, but converge rapidly 
above the canopy. Glyoxal similarly converges, but not as rapidly as height above the 
canopy increases. As a result, we see substantial differences in glyoxal concentration at 
twice the canopy height (27m) between the different simulation cases. This seems to 
indicate that within-canopy processes will cause isoprene to vary greatly within the 
canopy, but that above-canopy levels of isoprene are not very sensitive to these 
processes. However, as glyoxal is generated from isoprene, the variability of the isoprene 
within the canopy affects the production of glyoxal and the resulting levels of glyoxal 
concentration above the canopy despite relative independence of within-canopy processes 
on above-canopy isoprene levels. This may have potential implications for the 
interpretation of measurements of isoprene concentrations. Especially where 
measurements are made only above the canopy, as from satellite data, more would need 
to be known about the canopy structure and emissions below for it to be a useful 
predictor of resulting glyoxal concentrations. 
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 We also looked to quantify the horizontal variability of the fluxes and 
concentrations over the domain for each simulation. To do so we considered the 
coefficient of variation of the fluxes and concentration for horizontal levels in the 
domains of each simulation. The coefficient of variation is defined as the ratio of the 
standard deviation to the mean, and is a measure of variability for a given distribution or 
set of observations. We considered horizontal domain levels at the mean canopy height 
and at twice the mean canopy height by horizontally averaging the concentrations and 
fluxes at these levels and computing the standard deviation of the quantities as well. The 
coefficient of variability for fluxes is shown in Figure 30 
 
 
 89 
 
 
Figure 30: Coefficient of variability of isoprene and glyoxal fluxes at the mean canopy 
height and twice the mean canopy height 
 
 
 At twice the canopy height, if we consider either of the source cases separately 
(HetS or HomS), then holding that source case constant, variability of the glyoxal flux is 
higher in the heterogeneous canopy (HetC) case. At the mean canopy height, glyoxal flux 
is lower in the HetCHomS case than the HetCHetS case, and both HomC cases have 
lower variability still. This is expected, as heterogeneity in either the source distribution 
or the canopy structure would be expected to produce more horizontal variability in the 
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resulting fluxes. However, essentially the opposite is true for isoprene fluxes, as Figure 
30 shows, where both at the mean canopy height and twice the mean canopy height, the 
HomCHomS case displays the most variability in the fluxes. More work would need to 
be done to understand this phenomena, or perhaps a longer simulation time would reveal 
different results. 
 
 
 
Figure 31: Coefficient of variability of isoprene and glyoxal concentrations at the mean 
canopy height and twice the mean canopy height 
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Figure 31 shows the variability of the concentrations of isoprene and glyoxal at 
the mean canopy height and twice the mean canopy height, and reveals similar though 
slightly different patterns as the flux variability. Most peculiar is the isoprene 
concentration at twice the mean canopy height which reveals increasing variability with 
each change from heterogeneous source distribution or canopy structure case to 
homogeneous. The generation of higher variability by more homogeneous conditions 
would reveal a counterintuitive phenomena worthy of further consideration, but which we 
have not been able to investigate yet. 
 
5.3.2 Intra-simulation comparisons 
Within a given simulation, we sought to quantify the effects of heterogeneity on 
fluxes horizontally throughout the domain. Therefore for both heterogeneous canopy 
(HetC) cases we split the canopy into tall and short canopy locations. Any x-y location in 
the domain where the canopy height was taller than the mean canopy height was 
considered as tall, and any location where the canopy height was shorter was considered 
short. We then computed glyoxal flux profiles horizontally averaged across the domain 
selectively for the tall and short x-y columns separately (Figure 32, Figure 33). We 
performed a similar analysis for the heterogeneous source (HetS) cases splitting the 
domain into x-y locations of high and low source, averaging those columns separately.   
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Figure 32:Flux profiles of glyoxal for different subsets of the domain in the HetCHetS 
simulation case 
 
 
 The domain of the HetCHetS case can be split horizontally, then, into a tall and 
short subset, or else a high-source and low-source subset. As shown in Figure 32, 
considering each of these subsets of the domain separately produces a different flux 
profile. As expected since emissions in the HetCHetS case are correlated to LAI, the tall-
canopy and high-source domain subsets have very similar profiles and the short-canopy 
and low-source profiles are very similar. However, they are not identical, revealing the 
impact variables besides light and LAI can have on emissions, such as humidity and 
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temperature affecting leaf temperature, which in turn impacts source strength. 
Additionally, the vast difference between the tall-short canopy and high-low source 
subsets, respectively, (up to more than 100% of the mean flux value at 22.5m, almost 
twice the mean canopy height) reveals the huge impact heterogeneity in canopy structure 
can have on resulting fluxes, and supports the finding that intermittent gusts which are 
impacted by heterogeneity play a large role in flux from a forest canopy to the 
atmosphere, rather than a more homogeneous flux scenario (Bohrer et al., 2008; Bohrer et 
al., 2009; Gao and Li, 1993; Mauder et al., 2007; Maurer et al., 2015; Turner et al., 
1994). 
  
 
9
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Figure 33 Flux profiles of glyoxal for different subsets of the domain in the HetCHomS and HomCHetS simulation cases 
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 In the HetCHomS case, the canopy could be split into subsets of tall-canopy and 
short-canopy, like the HetCHetS case, and the domain of the HomCHetS case into high-
source and low-source, with flux profiles generated then for the different subsets for these 
two simulations. Again, tall-canopy and high-source subsets produce higher glyoxal flux 
above the canopy, but in both cases the magnitude of the difference is less than in the 
HetCHetS case, indicating that having both types of heterogeneity compounds the effects 
of where and how chemicals react and are ejected from the canopy. Additionally, by three 
times the mean canopy height, the flux profiles in the HetCHomS case from the tall and 
short domain subsets converge, whereas in the HomCHetS case the profiles from the high 
and low-source domain subsets remain essentially parallel, though they were never as 
widely different as the profiles from the HetCHomS case. This may indicate that both 
canopy structure heterogeneity and emission distribution heterogeneity contribute to 
variations in the flux regimes above the canopy, but in different ways where canopy 
heterogeneity leads to flux profiles that eventually converge. 
 
5.4 Conclusions 
Rather than replacing models on other scales and with more robust chemistry, Hi-
VACC should be a useful supplement to them, helping inform parametrization for 
scenarios where high resolution phenomena should be accounted for in lower resolution 
models, and measurement campaigns with heterogeneity. In this study, we have 
investigated the relative strength of canopy structure heterogeneity and emission 
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distribution heterogeneity on the resulting fluxes and concentrations of isoprene. The 
impacts we observe of heterogeneity to decrease above-canopy flux have possible 
implications for regional models that attempt to quantify VOC emissions and their 
products based solely on vegetation type without considering heterogeneity. Further use 
of Hi-VACC could include attempting to quantify a parameterization scheme for 
incorporating a heterogeneity factor for such cases. Additionally, the variability of the 
flux profiles within simulations based on source or canopy heterogeneity has potential 
implications on measurement campaigns that cannot perform measurements over a 
horizontal array of locations. Future use of Hi-VACC in relation to such measurement 
campaigns could identify specific locations or forest characteristics where measurements 
may be particularly enlightening. In this initial Hi-VACC study, we have shown its use in 
understanding the impact of high resolution phenomena on VOC production from forest 
canopies and suggest more specific tasks for which it would be uniquely useful in the 
future. 
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6 Conclusions 
High resolution phenomena like the interaction of VOCs with forest structure and 
source heterogeneity, as well as greenhouse gases emitted from lakes, the dispersion of 
particulate matter from farms and drivers of dispersion patterns for smoke from forest 
fires can all have an impact on human health and overall climate change, and as such, 
merit considerable effort studying and attempting to quantify their impacts. We have 
developed and tested the model Hi-VACC, and have shown it to be an adequate tool for 
gaining understanding into these, and potentially many more high-resolution, phenomena. 
Here we have used Hi-VACC to show that the geometry of many small lakes, 
especially those surrounded by vegetation will present unique and difficult challenges to 
field campaigns attempting to measure fluxes of greenhouse gases to and from these 
bodies of water. However, within these challenges and limitations we have been able to 
make some simple suggestions for the placement of eddy covariance towers to minimize 
errors, and to help understand the processes that may cause these errors and how to detect 
problems. The 5m height (0.25H) at the best tower location in our experiment would 
represent a ratio of .0167 between measurement height, 𝑧1, and distance to upwind 
transition, 𝐷𝑇. This ratio would meet the suggested criteria posed by Higgins et al. (2013) 
Chapter 
 98 
 
of 
𝑧1
𝐷𝑇
< .02 in order to minimize effects from advection. We were able to back this 
finding. 
These are good examples of the scenarios, and ways, in which Hi-VACC is a 
uniquely beneficial tool. Hi-VACC is not meant to be a prescriptive model for the 
purpose of actual quantification of emissions or for creating inventories of any particular 
chemical species. Rather, it is a useful tool to analyze how sensitive concentrations and 
fluxes of reactive, and non-reactive, chemical species are to high-resolution processes.  
Similar to what we have shown for the small lake scenario, Hi-VACC could be 
used to inform many other measurement campaign scenarios. The cost of eddy-
covariance towers and other measurement techniques make it prohibitively expensive to 
make concentration and flux measurements in very many locations for very many 
species, with point measurements often being representative of entire forests or 
ecosystems. Hi-VACC could be employed over domains representative of those domains 
in which measurement campaigns are to take place to analyze if, and how much, 
emission, chemistry and dispersion of species to be measured are sensitive to 
heterogeneity at the site. If heterogeneity of a site plays a strong role Hi-VACC could be 
used to pinpoint types of areas in the domain, or structural features, which should be 
targeted for measurement campaigns. For instance, Hi-VACC could reveal implications 
of gaps due to disturbance which would merit study and identify where a tower or 
instrument could be located to best study the phenomena.  
Similar to what we have shown in chapter 5, Hi-VACC can be used to reveal the 
sensitivity of structure and source heterogeneity to resulting profiles and fluxes of 
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chemical species, which in turn can provide information for regional and global models 
in terms of when such heterogeneity can be neglected and when it should be accounted 
for. It could also be used to help parameterize such models in cases where such 
phenomena shouldn’t be neglected. 
These phenomena which have been the focus of our studies are not the biggest 
contributors to climate change and public health concerns. However, it has been shown 
that they can play significant roles in the atmosphere and have non-negligible 
contributions to overall greenhouse gas budgets and air quality. As such, studies and tools 
that focus on these small-scale processes are important contributions to an overall regime 
of work that must be done to gain a fuller picture of all the contributors to climate change 
and air quality. We have developed such a tool in Hi-VACC, demonstrated its abilities in 
a few specific studies, and suggest it can be used to inform the larger study of high 
resolution processes involving VOCs and non-reactive scalars contributing to the 
knowledge and understanding of their impact on the environment. 
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